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DTMWe present a high resolution DTM of the Palinuro Seamount (PS, Tyrrhenian Sea, Italy) resulting from the
processing of multibeam swath bathymetry records acquired during the second leg of the “Aeolian 2007”
cruise. PS consists of several superimposed volcanoes aligned along a N100°E strike and measures
55×25 km. The western and the central sectors result from the coalescence of collapse structures (calderas)
with younger volcanic cones. The eastern sector reveals a more complex and articulated structure. In the
central sector, a volcanic crater with a well-preserved rim not obliterated by erosional events suggests a
volcanological rejuvenation of this sector. The presence of flat surfaces on the top of the seamount may be
due to the formation of marine terraces during the last sea-level lowering. Lateral collapses on the northern
and southern flanks of the seamount are probably related to slope instability, as suggested by the presence of
steep slopes (25–40°). The main fault affecting PS strikes N65°E and shows a right lateral component of
movement. E–W and N10°E striking faults are also present.
Assuming that theN100°E deep-seated fault,which is responsible for the emplacement of PS,movedwith sinistral
slips, we interpret the N65°E and the N10°E faults as right-lateral (second order) shear and left-lateral (third
order) shear, respectively. Due to the particular location of the Palinuro Seamount, the data presented here allow
us to better understand the volcanism and the geodynamic processes of the Tyrrhenian Sea.o Costiero, Consiglio Nazionale
133 Napoli Italy. Tel.: +39 81
saro).
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Although about 60% of the Earth's volcanoes is located in the marine
environment, detailed morphological data are still poorly available,
because of the intrinsic difficulties of marine remote sensing. Nonethe-
less, detailed side-scan sonar imaging and swath bathymetry are useful
tools in the analysis of guyots (Smoot, 1995), shoaling volcanoes
(McPhie, 1995) and seamounts (Smith et al., 1997), and allow us to
understand constructional and erosional processes and active structural
and volcanic processes (Moore and Mark, 1992; Rowland and Garbeil,
2000; Johnson et al., 2008). For example, the drainage pattern of
volcanoes is often controlledby thepresence of faults anddikeswhich, in
turn, are responsible for and/or control collapse andspreadingprocesses.
In addition, reciprocal relations occur between the morphology of
volcanic edifices, their substratum and the magmatic system (Thouret,
1999, and references therein).
In the last years, high resolution morphobathymetry (Mark et al.,
1991; Gamberi et al., 1997;Marani et al., 2004; Gamberi et al., 2006) hasbeen carried out in the Tyrrhenian Sea; the extensional back-arc basin
located in the Central Mediterranean Sea. The recent multibeam
bathymetric data acquired in the south-eastern Tyrrhenian Sea (Marani
and Trua, 2002) has improved the knowledge on the Marsili Seamount,
the largest ones in the Tyrrhenian Sea. This seamount, an almost linear
edifice extending for about 55 km in the N15°E direction and
characterized by a wide bathymetric range (3000–500 m), occupies
the central sector of theMarsili ocean-like basin, the younger one of the
Tyrrhenian Sea. The shape of this ocean-like basin is roughly circular and
covers an area of ~8000 km2 with a flat seafloor located at 3500 m bsl
depth on average. The location of the Marsili Seamount, its relief and
morphological characteristics have been explained in term of a super-
inflated spreading ridge (Marani and Trua, 2002). A few kilometres
northeastward from the Marsili Seamount is the Palinuro Seamount,
which is also one of the largest in the Tyrrhenian Sea (Fig. 1). Despite its
location, at the transition zone between the Aeolian volcanic arc
(considered to be the arc system of the Ionian subduction in the Central
Mediterranean Sea), the Marsili back-arc oceanic volcanism and the
Southern Italy passive continental margin, and notwithstanding its
length (about 50 km along the E–W direction), this seamount has not
been subject to intensive geophysical exploration and is the least known
volcanic complex of the southeastern Tyrrhenian Sea. Specifically,
although recent high resolution morphobathymetric surveys wereount (Eastern Tyrrhenian Sea): Geomorphological
9.041
Fig. 1. Schematic map of the Tyrrhenian Sea and its main volcanic features. Scale colour indicates bathymetric depth. The Palinuro seamount is enclosed in a rectangle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ARTICLE IN PRESSperformed in the Eastern Tyrrhenian Margin (Gamberi et al., 1997;
Marani et al., 2004; Gamberi et al., 2006), high resolution DTM and
morphological analysis of the Palinuro Seamount have not been
undertaken.
During the geophysical survey carried out by IAMC-CNR in the
southeastern Tyrrhenian Sea on board of the R/V Urania on November
2007, whose aim was to identify potential active volcanic and/or
hydrothermal vents, high resolution multibeam swath bathymetry was
performed on the Palinuro Seamount. Here, we present a new, high
resolution Digital Terrain Model (DTM) of the Palinuro Seamount built
from the acquired data. On the basis of this dataset coupled with
geomorphological and morphometric analyses of the volcano complex,
we provide new insight on the role of the Palinuro Seamount in the
context of the eastern Tyrrhenian Margin. In particular, we focus on: a)
the relations between different volcanic landform and depth variations
and b) the structural features. Due to its particular location at the
transition zone between different crustal provinces bordered by major
faults anddeformation zones,webelieve that themorphological analysis
of the Palinuro Seamountmayoffer new significant elements for a better
understanding of the regional volcanism and geodynamic processes in
the southeastern Tyrrhenian Sea.
2. Geological setting of the Palinuro Seamount
The Palinuro Seamount (0.8–0.3 Ma; Beccaluva et al., 1982, 1985;
Savelli, 2002; hereafter PS) is a volcanic complex located in the
Tyrrhenian Sea (Fig. 1), a small extensional back-arc basin in the
Central Mediterranean related to the subduction of the Ionian
lithosphere below the Calabrian Arc in the context of the Africa–
Eurasia convergence (Maliverno and Ryan, 1986). The opening of the
Tyrrhenian Sea started about 11My ago with an E–W-directed
extension. This stage of evolution was characterized by widespread
extension in the northern domain and rifting in the western part of the
southern domain (Rosenbaum and Lister, 2004) and led to the formation
of oceanic crust in the southern Tyrrhenian and the formation of the
Vavilov (4.3 – 2.6 My; e.g. Kastens et al., 1990; Savelli, 2001) ocean-like
basin. A subsequent change from E- to ESE-directed extension, coeval
with frontal accretion in the Southern Appennines thrust belt, mainly
affected the southeast Tyrrhenian Sea and led to the formation of the
Marsili (1.8 – 0.2 My; e.g. Kastens et al., 1990; Savelli, 2001) ocean-likePlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.basin. This large-scale extension produced the onset of volcanism
throughout the Tyrrhenian Sea and the surrounding coasts (Beccaluva
et al., 1982, 1985; Turco andZuppetta, 1998) and the formation of several
seamounts.Highvalues of heatflow(>150mWm−2;DellaVedova et al.,
1984) and the thin crust (7 km on average) and lithosphere (30 km on
average) (Suhadolc and Panza, 1989; Scarascia et al., 1994) testify to the
young age of formation of oceanic crust in the Tyrrhenian Sea.
PS lies between the Marsili basin to the south, and the Southern
Appenninic Chain to the east and it is bounded by a sedimentary basin to
the north (Fig. 1). This zone represents the transition between the
sedimentary shelf of the Salerno Gulf, which is the only sector
characterized by the absence of volcanism, the Marsili ocean-like basin
and the Aeolian Calcalkaline volcanism. The Southern Appenninic Chain
represents a part of the arcuate orogenic belt including to the south the
Calabrian Arc and the Sicily Maghrebides (Fig. 1) whose evolution is
associated to the simultaneous subduction of awest-dipping lithospher-
ic slab and theback-arc extension in the Tyrrhenian Sea (e.g. Malinverno
and Ryan, 1986). The active volcanic Aeolian Archipelago, made up of
sevenmajor volcanic islands and several seamounts, form a ring-shaped
structure that encircles the Marsili Basin from east to west. This last
basin, according to De Astis et al. (2003), represents a post-collisional,
rift-type volcanism emplaced in an older collision zone.
Although several geophysical studies have been performed in the
Tyrrhenian Sea (Kastens, et al., 1988; Carminati et al., 1998; Gvirtzman
and Nur, 1999; 2001; Argnani and Savelli, 2001; Faccenna et al., 2001;
Savelli, 2001; Rosenbaum and Lister, 2004; Finetti, 2005; Goes et al.,
2006; Montuori et al., 2007; Chiarabba et al., 2008), the PS has not yet
been subjected to intensive geophysical exploration, thus representing
the least known volcanic complex of the southeastern sector of the
Tyrrhenian Sea. It is believed that PS is emplaced along a lithospheric
fault that may represent the northward tear fault of the Calabrian Arc
subduction (e.g. Guarnieri, 2006) but its role in the geodynamic context
of the southeastern Tyrrhenian Sea is still debated. Due to the scarce
geophysical information and the particular position occupied by PS in
the Tyrrhenian Sea, some key issues are currently unresolved. Among
the open questions, it is not clear if PS is: a) a part of theAeolianVolcanic
Arc (e.g. Finetti, 2005); b) independent from Aeolian Arc and controlled
by pre-Pliocene tectonic structures (e.g. Guarnieri, 2006); and/or c) a
flank volcano complex of theMarsili ocean-like basin (e.g. De Astis et al.,
2003). In addition, the presence of swallow volcano-like seismicitythe Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
3S. Passaro et al. / Geomorphology xxx (2009) xxx–xxx
ARTICLE IN PRESSdetected between PS and the Calabrian coast (Soloviev et al., 1990)
suggests that PS, or its southeastern sector, could be active.
Previous studies onPS, focusedmainly onvolcanic products andwere
basedonbottomsampling (Ciabatti, 1970;DelMonte, 1972; Fabbri et al.,
1973; Marinelli, 1975; Di Girolamo, 1978; Kidd and Armansson, 1979;
Dekov and Savelli, 2004 and references therein), mainly lavas and
sediments associated with volcanism (i.e. crusts and iron- and
manganese-bearing nodules). Magnetic profiles (Morelli, 1970)
evidenced that the eastern sector of PS differs from the western one,
the latter being characterized by widely ranging residual anomalies.
Single beam data (Fabbri et al., 1973) andmultibeam swath bathymetry
(Mark et al., 1991; Marani et al., 2004) described the general physio-
graphic characteristics of the volcanic complex, documenting a length of
about 50 km along the W–E direction. A 3-D image of the seamount,
obtained interpolating bathymetric data (Marani et al., 2004), shows
two cones and an amphitheatre-like structure located to the west of
them. According to Colantoni et al. (1981), PS was emplaced in a
complexwayandprobably over a longperiod of time (0.5 Ma; Beccaluva
et al., 1982, 1985; Savelli, 2002), along E–W striking and deep-seated
fault system.
3. Data and methods
The geophysical survey for the present study was performed during
the second leg of the “Aeolian_2007” cruise by the IAMC-CNR research
institute (Naples, Italy) onboard the Urania oceanographic vessel in
November, 2007.Multibeamdata acquisitionwas carriedoutwith the use
of the Reson Seabat 8160 multibeam sonar system, which works well in
the 50–3500 m depth range. The system, interfaced with a Differential
Global Positioning System, is mounted on keel of the R/V Urania and is
composed of a ping source of 50 kHz, 150° for the whole opening of the
transmitted pulse and a 126 beams-receiver. The speed of sound in
seawater was determined by a sound velocimeter profile. Sound velocity
profiles were recorded and applied in real-time during the acquisition
every 8h.
Data have been processed according the following steps: (1) real-time
acquisition control and partial beam filtering, applied to data directly on-
board, on thebasis of theexperienceof theoperators (2) swathand spatial
mode editing and de-spiking; and (3) DTM generation and rendering.
Systematic errors manifest as outliers in the bathymetric data, usually
generated by acoustic and electronic factors (e.g. surface reflection, low
signal-to-noise ratio due to bad weather conditions, etc; Mukhopadhyay
et al., 2008). Errors affecting beam acquisitions (e.g. tilted swaths due to a
wrong calibration, wrong positioning due to GPS “jumps”, heave/pitch/
roll/yaw-failedcorrectionof themotionsensor, randomfalsepikes inDTM
due to poor acoustic beam detection or to the presence of obstacles along
beam pattern, etc.) are reported in literature (Bourillet et al., 1996; de
Alteriis et al., 2003).
The whole dataset has been processed with the use of the PDS2000
swath editor tool, in accordance with the IHO standard (IHO, 1998), and
subsequently reorganized in anMXNmatrix (Digital TerrainModel, DTM)
of 25×25m of grid cell size, where at each squared cell we associated the
average value of beams that falls inside the cell itself. We completed the
gridby simplyassociating ano-datavalue to empty cells. The total amount
of area coverage consists ofmore than 1000 km2ofmultibeamsonar data.
It is well known that, while vertical resolution depends only on the
transducer frequency and water sound velocity, this is not the case of
spatial (horizontal) resolution that is typically depth-dependent. Grid cell
size of the DTM must be coherent with horizontal and vertical accuracy
limits of soundings that are dependent on the intrinsic characteristics of
the echosounder. Vertical accuracy is 2–8 cm for the Reson Seabat 8160
multibeam system used, and depends on the range utilized during the
acquisition, while horizontal resolution is a function of depth and of the
number of beams versus the swath opening, according to the equation:
Nf = D*tgðSO=NBÞPlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.where: Nf = Nadir footprint, D = depth, SO = Swath Opening (in
degrees), NB = Number of beams in the used array. Of course, nadir
footprint is the smallest, and enlarges towards the external sectors of the
swath.
TheobtainedDTMwas used to produce standard computations, such
as gradient, aspect, tangential curvature, profile curvature (Fig. 2A, B, C
andD;Mitasova and Hofierka, 1993;Moore et al., 1993; Hodgson, 1998;
Guth, 2003), openness (Fig. 2E; Yokoyama et al., 2002) and Standard
Deviation maps (Fig. 2F).
4. Morphostructural features
The DTM of PS, with a depth range that covers the 3200–84 m below
sea level (bsl) interval, is shown in Fig. 2, where a shaded relief image is
reported. The DTM evidences a roughly elliptical shape extending about
55 km along N100°E and 25 km in the N–S direction. The morphology
reveals a very articulated summit, characterizedbydifferent cone-like,flat
and amphitheatre-like structures rather than a single volcanic edifice. Due
to the structural complexity of the summit, we divide and separately
describe three different DTM zones: a western zone (WZ), a central zone
(CZ) and an Eastern zone (EZ) (Figs. 2 and 3). In the morphostructural
sketch (Fig. 3) the most relevant volcanic elements are indicated with a
capital letter.
Two structures are identified inWZ:AandB (Fig. 3). FeatureAconsists
in a 4×4km flat top surface, bounded to the west by a 50 m-high hill
(Figs. 2, 4A). The feature A is limited by a 30° slope to the north, 25° to the
south and 40° to the west (Fig. 4S), whereas a N60°E striking scarp is
present on the southwestern flank (Fig. 4A). The top-depth is about
1600 m bsl. Feature B is characterized by a semi-elliptical shape, with a
N115°E preferred orientation for the major axis. This feature extends
7.5×4.5 km at an average depth of 1200m bsl, (Figs. 2, 3). This area is
bounded by a crest, the depth of which ranges from 1200 (SSE) to 800m
(NW) bsl, and is abruptly interrupted in the NE part by a relief of about
500 m (Fig. 4B). The uppermost part of this relief is located at 500 m bsl.
The slope angle of B is 15–20° in the northern and eastern scarps, 25° in
the southern and 35° toward A (Fig. 4S).
The CZ feature is well developed. Two volcanic cones (C and D;
Fig. 3), with flat circular tops of about 7–800 and 2500 m in
diameter, respectively, are both characterized by a 30° slope-break
value in all directions up to 1000 m (Fig. 4S). Structure C reaches
157 m bsl, whereas D represents the top of PS (84 m bsl). C and D top
surfaces dip gently toward WNW. The presence of these two cones
was previously reported by Fabbri et al. (1973) and Marani et al.
(2004) (we propose the name “Piotr's cones” for these two edifices
in honour of the researcher Piotr Mikejcik of the IAMC-CNR of
Mazara del Vallo, who lost his life in the Sicily seas during the sinking
of the Thetis oceanographic vessel, on the 3rd of August 2007). Three
other cone-like reliefs can be recognized in CZ: E, F and G. E,
characterized by a roughly crater-like top which extends for about
2.1 km2 and shows flanks strongly marked by the presence of
morphostructures with a N10°E and N115°E preferred orientations,
whereas the western margin seems bounded by a N–S trending
structure (Figs. 2, 3). In its central part, this edifice shows a crater
with a bottom 75 m deeper than the top border, the latter being
located at 570 m bsl (Figs. 2 and 4E). Relief F shows an elliptical
shape with a N110°E elongated major axis (Figs. 2 and 3)
characterized by a multifaceted top surface. The latter is located at
600 m bsl and seems strongly tilted toward N297°E, with a N30°E
structural fabric (Fig. 4F, S). G shows a semi-circular shape with a
very flat top at 1120 m bsl (Fig. 4G).
Themain featureof theEZ is thepresenceof a relativehigh (H)placed
at 950 m bsl, showing an elliptical shape elongated N110°E, with major
and minor axes of 6000 and 4500m, respectively (Fig. 3). The well
defined top, H, is marked by a N–S/N10°E distinct ridges (Figs. 2, 3, 4H)
whereas southeastward it progrades to a sector of the slope where a
border of detachment is discernible (Fig. 3).the Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 2. DTM of the Palinuro seamount, obtained from processing of Multibeam swath bathymetry acquired during the second leg of the Aeolian_2007 cruise (2007, November), and
navigation patterns. Grid cell size is 25 m. Geo-referencing system: Datum WGS84, projection UTM (zone 33). Morphometric computations carried out on DTM are also shown:
gradient (A), aspect (B), tangential curvature (C), profile curvature (D), openness (E) and Standard Deviation (F) maps.
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The processed bathymetric data reveal previously unreported
topographic features of PS both below 1000 m bsl and for the summit.
The summit is very articulated and characterized by the presence of
distinct volcanic structures. Unlike other seamounts that show almost
continuous summit regions along their main axis (e.g. Marsili; Marani
and Trua, 2002). The most important topographic features are found
in WZ. The general shape of A and B, marked by a flat-topped surface
and steep slopes of the sidewalls, suggest that these structures are
calderas (Figs. 2, 4A, B). The very flat top morphology of A suggestsPlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.that this caldera is filled by fine sediments. The B topographic features
indicate that this could be a caldera affected by a lateral collapse due
to the presence of a residual rim particularly evident towards the NW
and from S to SE with respect the centre of B (Fig. 4B). The compound
NE rim of B has been structurally modelled by erosion and by roughly
N60°E faults. The southwestern scarp of B shows a composite
morphology interpreted as ridges formed by erosion (Figs. 2, 4B).
The major topographic features in CZ are the presence of the two
Piotr's cones andvolcanic edificeE. Theflat-topped surfaces of theminor
(C) and the major (D) Piotr's cones (Figs. 2, 4S) can be explained as the
result of the exposure to erosion during the last eustatic low-standthe Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 3.Morphostructural sketch of the Palinuro seamount, interpreted on the basis of DTM. WZ, CZ and EZ divided the structure into three sectors, capital letters refer to the major
volcanic features identified (see text for details). Rose diagrams on the upper-right corner of the picture represent aspect by slope computations of WZ, CZ and EZ.
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by Ciabatti (1970) and Fabbri et al. (1973), who suggested the presence
of marine terraces over the top of Piotr's cones due to erosional
processes. The southwestern margin of Piotr's cones replicates the SW
margin of the WZ, with the presence of ridges. The E cone is the only
edifice that clearly shows a pronounced crater (Figs. 2, 4E), suggesting a
relatively young formation for E. The general observations on E and
Piotr's cones suggest that CZ is volcanologically younger than WZ.
Apart from its size, the general shape of G (characterized by a very
flat-topped surface suggesting the presence of fine grained sediment
infilling), is quite similar to A, the latter being located in theWZ (Fig. 4A,
G, and S). Another common element is small hills, similar to small cones
50–75 m high, that are detected on both the A and G features.
These observations on both G and A resemble the morphological
features of mud volcanoes (Gardner, 2001). It is well known from
literature (e.g., Charlou et al., 2003) that mud volcanoes are volcano-
sedimentary features, mainly (but not only) concentrated in compres-
sional tectonic settings, characterized by the emission of fluid-rich fine
grained sediments often associated with mud breccia. Altough mud
breccia recognition is a critical issue for their identification,marinemud
volcanoes can be initially detected with multibeam or side-scan data
soundings on thebasis of recordswithhigh values of backscattering (e.g.
Huguen et al., 2005; Zitter et al., 2005). Therefore, our hypothesis that A
and G are mud volcanoes must be validated by other geophysical
investigations, inparticular frombottomsamplings, side-scan sonar and
reflection seismic data that we plan to acquire in a future survey.
Alternatively, since mud volcanoes are uncommon in volcanic settings,
A and G could be hydrothermally altered deposits (e.g. hot springs,mud
pots, fumaroles) or pillow lavas rather than true mud volcanoes.
Both the northern and southern margins of the CZ would seem to
have been subject to episodes of gravitational events, e.g. lateral
collapses. The morphology clearly shows signs of at least two majorPlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.structural discontinuities, striking roughly N–S and N65°E (Figs. 2, 3),
that could have guided sliding processes on the CZ flanks (Fig. 3). The
above general features suggest that the cones inside the CZ are placed
over a semi-elliptical continuous margin (Fig. 2), in agreement with a
previous interpretation of this zone for which a horse-shape caldera
(Bonatti et al., 1997) has been inferred.
6. Morphometry and volcano-tectonic features
Unlike the Aeolian seamounts, PS has a very asymmetrical and
elongated shape. In order to define properly its regional trends, we
built a stack of profiles perpendicular (Fig. 5A) and parallel (Fig. 5B)
to the main N100°E elongation of PS. The plot of results shows
different erosional base level values both for E and W (1592 and
2750 m bsl, respectively) and for N and S (1872 and 2530 m bsl). This
evidence can be easily interpreted taking into account that the wider
PS structure is emplaced at the transition between the Marsili Plain
(W, SW and S margins) and the continental escarpment (E margin).
Northward, the presence of other structures may have contributed
to the formation of a sedimentary basin, creating a sort of physio-
graphic sedimentary trap bounded southward by PS, as confirmed by
ETOPO1 (Amante and Eakins, 2008) low resolution bathymetric data
(Fig. 6).
Real average values of erosional base levels and general trends
established through the stack of profiles are quantifiable through
elevation histograms, which consist in a simple plot of elevation versus
percentage of the area, where the maxima are related to flat surfaces of
the DTM. In our case, such surfaces mainly indicate erosional base levels
for deeper depth values, and erosional terraces for the shallowest. We
have completed histogram elevation plots for each zone separately and
for thewholePS (Fig. 7). EZ (Fig. 7a) and thewhole PS (Pal in Fig. 7) show
a clearly visible peak in correspondence at 1582 m bsl depth, whichthe Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 4. Three-dimensional representation of the Palinuro seamount main features, corresponding to the capital letters of Fig. 3. Vertical exaggeration is 2× with respect to the
horizontal component for all of the represented subsets. S, in the right-top corner, represents the slope map, reported in true degrees.
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(Figs. 3, 4S and 5).WZ (Fig. 7c) is characterized by the presence of other
maxima of depths of 1870, 2195 and 2807 m bsl. The deepest of these
values is related to theWZ southern erosional base level (not covered by
data in CZ and EZ), while the others indicate the presence of flatFig. 5. Stack of profiles along E–WandN–S direction, showing respectively the large-scale dis
oriented volcanic ridge. Abscissas are progressive cell numbers, ordinates are depth in met
Please cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.morphologies that are not evident from inspection of shaded relief
images, lying eastward (2195 m bsl) and northward (1870m bsl) with
respect to A. The observed differences between elevation histograms of
the different sectors confirm the hypothesis suggested from the
magnetic data (Morelli, 1970) of a substantial difference existingtribution of the Palinuro seamount perpendicularly (A) and parallel (B) to themain E–W
res.
the Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 6. Low resolution predicted satellite bathymetry map (Amante and Eakins, 2008) of the Palinuro seamount and of the surrounding area. The Palinuro structure is emplaced both
on the boundary of the Marsili Plain (W, SW and S margins) and on the continental escarpment (E margin).
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ARTICLE IN PRESSbetween EZ,mainly consisting in a single volcano, and CZ, consisting of a
volcanic complex (see Figs. 3, and 4).
In order to appreciate the role of distinct depth values, we es-
timated the elevation versus average slope of PS, where slopes areFig. 7. Elevation histograms of EZ,
Please cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.located as a function of depth at which they occur. The resulting plot
(Fig. 8A) recognizes 4maxima orminima.Minima values evidence the
erosional base levels (Fig. 8A: Point 3 = northern erosional base level,
1582 m bsl; Point 4 = southwestern erosional base level, 2807 m bsl)CZ, WZ and of the whole PS.
the Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 8. A): Elevation versus slope plot. B): possible locations of faults inferred by the locations of steepest (>10°) and deepest (>2500 m bsl) values of DTM.
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ARTICLE IN PRESSalready identified from previous analysis (Fig. 7a, c). Maxima are
located at 205 m (30%; point 1 in Fig. 8A) and at 3000 m bsl (40%;
point 2 in the same figure). Point 1 is related to the abrupt slope-break
of Piotr's cones top terraces, these being the shallowest features of PS
(Fig. 4C, and D). As regard to the deepest high slope value (Fig. 8A,
point 2), this is related to a southern scarp, i.e. the northern boundary
of the Marsili Plain. In this picture, the presence of this steep scarp
suggests the occurrence of a fault. The fault scarp may be inferred by
plotting steep (>10%) and deep (<2500 m bsl) values in the DTM
(Fig. 8B).
7. Discussion
According to McPhie (1995) and Head and Wilson (2003), marine
volcano products, variations in the eruption and fragmentation
processes are influenced by water depth. The comparison between
DTM, stack of profiles and a profile extracted over the ridge of DTMmay
clarify someaspects of the evolutionof PS (Fig. 9). Differently fromother
sectors, WZ is characterized by concave profiles and strongly dissected
morphologies bounded by ridges (caldera and craters) and volcano-
tectonic depressions (Fig. 4B). This peculiar characteristic allows us to
infer thatWZprobably represents the older part of the seamount,where
both vertical (caldera) and lateral features (landslides) are clearly
visible in the morphologies.
The CZ has well-delineated cones and edifices. C, D, E, G and the
deepest portion of F display an amphitheatre-like structure (Fig. 3). The
WZandGaredownward shiftedwith respect to CZ (Figs. 7a, b, and10B). FPlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.shows a conical-shape (see Figs. 3 and 4F) and is dissected by N–S
structures on its top. Southern and northern CZ escarpments are strongly
incisedbychannels andvalleys (Figs. 2 and3). In the southernescarpment
of CZ, in particular, these features are remarkably extended (15 km).
Incision of these channels could have been enhanced by gravitative
phenomena, such as slides. The flat-topped surfaces of the minor (C) and
themajor (D)Piotr's cones (Figs. 2and4S)canbeexplainedas the resultof
the exposure to erosion during the last eustatic low-stand (120 m below
the actual sea level; Lambeck et al., 2004). An apparent continuity
between C and D (Piotr's cones) seems evident from elevation profiles
(Fig. 10A). Such elevation continuity between relief is a typical effect
related to the development of sea-level high-stand terraces, which occur
when surfaces are related to the same episode of sea level.
It is well known that rock alteration and high fluid pressure charac-
terize hydrothermal activity (that have beenmonitored on the top of the
PS; see Dekov and Savelli, 2004 and references therein). This activity can
weaken a volcanic edifice, contributing strongly to an increase in slope
instability (Cecchi et al., 2005). These elements may suggest that some of
the CZ valleys could have been produced by lateral spreading phenomena
(gravitational valleys; Carracedo, 1996; Thouret, 1999), although hum-
mocky facies are present but not noticeable on the southern side of CZ
(Fig. 10E). The absence of such facies are probably due to the distinctive
characteristics of the materials involved in lateral collapses (e.g. mud
flows generate mounded rather than hummocky facies in the zone of
accumulation) or to the lack of a proper cover of the southern erosional
base level. As regards the existing reciprocal relations between drainage
patterns of WZ, CZ and EZ and (hypothized) associated controllingthe Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 9.Different volcano tectonic styles along the EWdirection, enhanced through DTM (A), ridge elevation profile (B) and the stack of elevation profiles along columns (C). Domain 1
(WZ) is characterized by deep and ancient volcanism, Domain 2 (CZ) by most recent volcanic shapes. Domain 3 (EZ) seems strictly constrained by fractures.
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ARTICLE IN PRESSstructures, we have reported (Fig. 3) a rose diagram distribution of
drainage aspects. In order to expand these considerations, we evaluated
the drainage aspects with respect to slope, assuming that low angles are
representative of the general regional trends of the structures, while high
angles represent themain ridgesandchannels,whichareprobably related
to active structures. A lack of symmetry is enhanced (Fig. 11), due to
different erosional and volcanic styles. In detail, low slope values (0–10%)
are mainly southward oriented in EZ (Fig. 11, EZ) and eastward in WZ
(Fig. 11,WZ),whilehigher slope values (>30%) aremainly southeastward
oriented in WZ and EZ, and southward in CZ (Fig. 11, CZ).
On thebasis of theabove results,we stress that theoverallmorphology
of PS clearly shows evidence of structural fabric oriented in different
directions. Segments of roughly N–S structures are identifiable on the top
of H within EZ (Figs. 2, 4H). The general morphological feature of EZ
suggests that this sector could be an element of transition toward the
Glabro seamount, lying eastward (Fig. 1) and close to the mainland. N–S
oriented structures are found also in CZ whereas roughly ENE–WSW
oriented structures are found in WZ and CZ (Figs. 2, 3). The most
important fault strikes N65°E and cuts CZ and the borders B towards the
SW and G towards the NE (Fig. 3). This structure physiographically
separates two sectors of PS that differ morphologically. In other words,
this fault could be regarded as the dividing line between themost ancient
(NW) and the younger (SE) sectors. Ocean-bottom seismographs
operating in the Southeastern Tyrrhenian Sea in 1987 recorded several
shallow volcano-type microearthquakes (Ml<3) located between the SEPlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.scarp of PS and the Calabrian coast (Soloviev et al., 1990). The presence of
this seismic activity, not detectedon thenearmainlandof theCalabriaArc,
suggests that EZ of PS could be active.
Although itwasproposed thatE–Wtrendingdeep-seated faultshave
controlled the general PS emplacement (Colantoni et al., 1981), the
N65°E fault may have controlled the arrangement of the younger part.
DTM-based evidence suggests a right lateral component of movement
for such N65°E fault, since it displaces two segments of a unique ridge-
like shape (Fig. 12).
TheN65°E and theN100°E faults detected on theDTMof PS, could be
related to the kinematic of the E–W deep-seated structure that have
controlled the emplacement and the evolution of the whole Seamount.
Considering that PS align along a N100°E and assuming that the E–W
deep-seated structure moved as a sinistral strike–slip system (e.g.
Savelli, 2001; Mantovani et al. 2008), according to the model proposed
by Flodin and Aydin (2004), structure evolution of the PS could be
interpreted as a conjugate fracture system with different generation of
fractures. In this fault-network evolution model, based on a sequential
opening-mode fracturing, each generation appears to have formed in
response to deformation of earlier generation fractures. Higher-order
fault generations are generally younger and showaboutfive to ten times
less slip than the generation preceding it. Therefore, the E–W deep-
seated structure couldbe interpreted as themain fracture (theoldest) of
the network, the N65°E fault can be interpreted as a second generation
of faults, characterized by a right-lateral component of movement. Thethe Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 10. Depth profiles extracted byDTM. I) Line of sight connecting C andD (Piotr's cones). Slope=1.1°; II) N65°E fault and III) G flat surface; IV) Evidence of structures identifiable on the
top ofH (EZ); V) Channels excavated by lavaflows/marine landslides; VI) Zone of accumulation ofmarine landslides on the valleywhich separatesWZ and CZ; VII) Internal relief (roughly
70 m) inside A; VIII) Relic of caldera rim and IX) Relief (rejuvenation) bordering the B feature. Abscissas are true horizontal distances (in m), ordinates are depth (in m).
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ARTICLE IN PRESSN–S fault system (e.g., EZ) could be either related to: 1) the acco-
mmodation space of the E–Wfirst generation left-lateral deep structure,
and then interpreted as a secondgenerationof faults; or 2) as left-lateralFig. 11. Aspect distribution by slope for the PS and for EZ, CZ and WZ, sho
Please cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.faults related to right-lateralmovementof theN65°E secondgeneration,
thus representing a third generation of faults. Since spacing and length
of structures in this model depend on structural hierarchy, and the N–Swing low angle (above) and high angle (below) aspect distribution.
the Palinuro seamount (Eastern Tyrrhenian Sea): Geomorphological
geomorph.2009.09.041
Fig. 12. Effect of the right-lateral component of movement of the N65°E fault of the PS.
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ARTICLE IN PRESSstructures tend to have smaller spacing and length attributes (e.g. WZ,
Fig. 3), we favour the second hypothesis.
8. Concluding remarks
More than 1000 km2 of new multibeam sonar data have been
processed and interpreted. Data interpretation has been coupled with
morphometric analysis of a DTM. The main results of the work can be
summarized as follows:
– PS is characterized by a roughly elliptical shape extending for about
55 km along E–W and 25 km in N–S directions. Its summit is very
articulated and consists of a group of overlapped and/or coalescent
volcanic edifices, that we have interpreted as a sequence of volcanic
cones inside collapsed calderas. Relic ridge-like shapes (maybe
related to calderic collapses) are identifiable both in the central and
in thewestern sectors of PS. Relic calderic rims are identifiable in the
central sector of the seamount.
– The most important previously unknown volcanic structures are
found in the western sector, characterized by the presence of two
calderas, one of which is perhaps attributable to hydrothermally
altered deposits (e.g. hot springs, mud pots, fumaroles) or pillow
lavas. This sector appears to be the oldest one.
– The central sector is characterized by distinct volcanic structures.
Although their existence has been known fromprevious geophysical
investigations, a previously unreported element is that one of these
clearly shows a volcanic crater with a pronounced rim not
obliterated by erosional events, suggesting this sector is the younger
one of the whole PS.
– The eastern zone seems to be completely different from the other
zones, being structurally controlled and representing a potential
element of transition toward the mainland.
– Different erosional base levels are found both in the N–S and E–W
directions. Different volcanic styles (amphitheatre-like and cone-
like shapes, tectonized structures) can be identified on the main
axis of PS, possibly reflecting changes of the environments of
formation in terms of water column depth. These effects are typical
of shoaling volcanoes, but may be also due to variations in thePlease cite this article as: Passaro, S., et al., DTM-based morphometry of
and volcanological implications, Geomorphology (2009), doi:10.1016/j.mechanical properties of the substratum, recorded in the passing
from the deeper Marsili plain to the shallower escarpment.
– Lateral collapses may have been active both on the northern and
on the southern flanks of the PS. Some of the CZ valleys could have
been produced by lateral spreading phenomena.
– The adoption of major andminor Piotr's cones as names to identify
the top features of PS is proposed. Flat-topped surfaces of these
two features may be related to the presence of marine terraces
over the top of Piotr's cones due to erosional processes related to
the last eustatic sea-level lowering.
– Themain fault affecting the top of PS strikes N65°E, but evidence of
E–W and N–S faults is also found. The main N65°E fault may have
controlled the arrangement of the younger SE sector of the
seamount. With regard to this structure, a right-lateral component
of movement may be inferred.
– Considering that PS is aligned along a N100°E and assuming that
the E–W deep-seated structure which has controlled its emplace-
ment moved as a sinistral strike-slip system, structure evolution of
the PS could be interpreted as a conjugate fracture system with
different generations of fractures, based on a sequential opening-
mode. The E–W deep-seated structure could be interpreted as the
main fracture (the oldest) of the network, the N65°E fault can be
interpreted as a second generation of faults, characterized by a
right-lateral component of movement. The N–S fault system (e.g.,
EZ) as left-lateral faults related to right-lateral movement of the
N65°E second generation, thus represents a third generation of
fractures.
– The new DTM of PS shows a very complex morphology. Although
some of the proposed hypothesis must be corroborated by further
geophysical investigation, data presented here may offer new
constraints towards a better understanding of regional volcanism
and geodynamical processes of the southeastern Tyrrhenian Sea.
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